The concentrations of all rare-earth elements (REEs: La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu) in oceanic basalt glasses were measured by an ion-microprobe method. A resolving power of 9300 at 1% peak height was attained by an ion-source slit set at 60 µm and a collector slit at 50 µm; the accelerating voltage was 10 kV for secondary ions in order to separate heavy REEs from the oxides of light REEs with adequate flat-topped peaks. Using NIST SRM612 glass (which is doped with ∼50 ppm of all REEs), the transmission of secondary ion was estimated to be about 30% and a sensitivity of 10 cps/ppm 171 Yb/1nA O2 − was obtained. A background level of 0.3 cps (at 3σ) coupled with the sensitivity suggests a detection limit of ∼6 ppb for glass matrix samples. The secondary ion yields of REEs (A + /Ba + ) are consistent with those (A + /Ca + ) in the literature. The observed contents of REEs in oceanic basalt glasses agree well with those measured by ICP-MS after chemical dissolution within a 10 -20% error, except for La, Ce and Pr. The discrepancy of the light REEs is attributable to unresolved interference into mass numbers 139, 140 and 141, which may cause an excess abundance of each element. The contents of La, Ce and Pr were corrected by an empirical relationship between the relative intensity of mass number 124 and the excess of elements.
In earth and planetary sciences valuable information, such as the evolution of igneous rocks, partial melting of mantle materials, fractional crystallization of magma, and the origin of meteorites can be derived by studying the abundance patterns of rare-earth elements (REEs) in rock and mineral samples. 1, 2 The effects are attributable to the fact that the REEs are members of Group III in the periodic table, and all of them have very similar chemical and physical properties and that they take a stable 3+ oxidation state and a steady decrease in ionic radius along with an increase in the atomic number. There are several analytical methods of REEs in rock and mineral samples with detection limits of ppm, such as instrumental neutron activation analysis (INAA) 3 , the isotope dilution method using a thermal ionization mass spectrometer after chemical dissolution and dissociation (ID-TIMS) 4 , inductively coupled plasma source-mass spectrometry using a laser-ablation sampling technique (LA-ICP-MS) 5 , and an ion microprobe method by secondary ion mass spectrometer (SIMS). 6 Among them, the INAA method can only measure 7 -8 REEs when the chemical separation is not applied after the irradiation of samples in a nuclear reactor. The ID-TIMS method has the advantage of a high precision of less than 1%, but can not measure single isotope elements, such as Pr, Tb and Ho, and does not show spatial resolution on the 100 µm scale. LA-ICP-MS and SIMS have a potential to detect ppm level REEs and have a spatial resolution of less than 100 µm scale, even though both methods are affected by the spectroscopic interference of heavy REEs from oxides of light REEs, and by a matrix effect of the concomittant element. If a high mass resolution and a high transmission of secondary ions are attained at the same time using SIMS, the spectroscopic interference would be reduced significantly. In this paper we present an analytical method of REE abundance in oceanic basalt glasses using Sensitive High Resolution Ion MicroProbe (SHRIMP). The experimental details will be given, and the observed data were verified by comparing with those measured by ICP-MS after chemical dissolution.
Experimental

ICP-MS measurement
Seven basalt glass samples from Mid-Atlantic Ridge, Indian Ocean Ridge, Mariana Trough, and Loihi Seamount and NIST SRM612 glass were analyzed by ICP-MS. The glass samples were crushed and homogenized, and then dissolved by HNO 3 and HF. After adding In as an internal standard, the REEs in the sample solutions were measured by ICP-MS (PMS2000, Yokogawa Anal. System Co.) installed at Ocean Research Institute, The University of Tokyo. The accuracy of the REEs measurements was estimated by an analysis of a standard rock sample (JB-2), which is about ±10% at one sigma. The experimental details will be given elsewhere. The observed data are listed in Table 1 .
Sample preparation and analytical procedure of SHRIMP
Small grains of oceanic basalt glass samples (approximately 500 µm×1 mm) were mounted in an epoxyresin disc with several grains of NIST SRM612 standard glass (approximately 500 µm×1 mm). The glasses were polished until the mid-sections of the grains were exposed. Final polishing was made with 0.25 µm diamond paste. Prior to an analysis, the mount was cleaned with petroleum spirit, detergent and pure water to reduce any surface contaminants, and was then gold coated so as to disipate any charge during the analysis. Ion microprobe measurements were carried out using the Sensitive High Resolution Ion MicroProbe (SHRIMP) instrument recently installed at Department of Earth and Planetary Sciences, Hiroshima University. The sample was evacuated in the sample lock overnight to reduce any possible hydride interference under REEs due to water absorbed onto the surface of the mount.
The residual pressure in the ion source chamber was about 2×10 -8 Torr at the time of the measurements, while the pressures in electro-static analyzer (ESA) and ion collector assemblage were less than 4×10 -8 Torr.
The results were not influenced by variations in these pressures. Using Kohler illuminations, a ∼5 nA mass filtered 32 O 2primary beam at an energy of 10 keV was used to sputter a 30-µm-diameter flat-bottomed crater. Secondary positive ions were extracted by 10 kV for mass analysis. Before the actual analysis, the sample surface was rastered for 3 min in order to reduce the contribution of any surface contaminant to the analysis.
The ion source and collector slits were set to 60 µm and 50 µm, respectively. A mass resolution of 9300 at 1% peak height was employed to separate heavy REEs from the oxides of light REEs in the NIST SRM612 standard with adequate flat topped peaks. No apparent isobaric interference was found in the mass range over 145 Nd and 175 Lu at a mass resolution of 9300 ( Fig. 1 ). The transmission of ions was estimated by using a 744 ANALYTICAL SCIENCES AUGUST 1999, VOL. 15 171 Yb + and 172 Yb + ). Secondary ions were detected by means of an electron multiplier operating in the ion-counting mode. It took about 20 min to scan all of the peaks for each 40-s measurement. The elapsed time for a single analysis with seven scan sets was about 2 h. The depth of the flat-bottomed crater was about 3 µm after 2 h. The spatial resolution was superior to that of LA-ICP-MS with 50 µm diameter and 30 -40 µm depth. 5 Before and immediately after the measurements, the total secondary ion currents were measured by a post-ESA monitor, which is a simple Faraday cup located between the ESA and the electro-magnet, and the position was adjustable by a personal computer.
Results and Discussion
Secondary-ion yields
A quantitative REEs analysis requires either good calibration standards, which are not always easily available, or knowledge about the relevant secondary-ion yields, in order to convert the observed peak intensities into concentrations. Six spot measurements of NIST SRM612 standard were carried out to check the secondary-ion yields of the REEs. The 138 Ba peak was used as an internal standard. Table 2 lists the observed ratio of (A + / 138 Ba + ) and the relative concentration of (A/ 138 Ba) calculated using the data in Table 1 , where the content of Ba is 41 ppm from a reference. 7 The secondary-ion yields were obtained by the ratio of (A + / 138 Ba + )/(A/ 138 Ba), which is also listed in Table 2 . It is noted that isotopes of the same element show identical secondary-ion yields within the experimental error, and that there are significant variations in the yields, even though the chemical properties of the REEs are very similar. In addition, there is not correlation between the yield and the physical characteristics, such as the ionization potentials of atoms and the atomic number. Figure 2 shows a positive correlation between the observed secondary-ion yields and those in the literature 8 , where the yields were expressed relative to the 44 Ca + peak intensity. Except for Er, the yield data are generally consistent. The discrepany of Er was not well understood in the present study.
Concentrations of REEs in oceanic basalt glasses
The concentrations of Ba in oceanic basalt glass samples were calculated by using the ratio of the total secondary ion current and the 138 B + ion count as follows: Table 3 . The errors of contents were about 10 -20%, as estimated by the variation in the secondary ion current during the measurement and the statistics of ion counting of 138 Ba + . The concentrations of REEs were obtained as follows:
( agree well with each other within 10%. Therefore, they are most reliable. The sensitivity of the REEs was estimated by using the 171 Yb + ion peak, which is 10 cps/ppm 171 Yb/1nA O 2 -. The detection limit of the REEs under the normal condition using ∼5 nA 32 O 2primary beam is ∼6 ppb, calculated by the background level of ion counting, which is 0.3 cps (at 3σ) under a glass matrix and the sensitivity. The detection limit was about 150-times more sensitive than that in previous work. 6 The REEs data of oceanic basalt glass samples are listed in Table 4 . Except for light REEs, such as La, Ce and Pr, there is significant agreement between the concentrations of the REEs measured by SHRIMP and those obtained by ICP-MS after chemical dissolution (Table 1 ) within a 10 -20% error at one sigma. Thus, the accuracy of the measurement was less than 20%.
Empirical correction for light REEs
The observed contents of light REEs in CH98-DR11.1 by SHRIMP are consistent with those measured by ICP-MS, while some samples, such as CH31-DR11.1 and KH93-3-DR6.1, indicate about three-times larger concentrations in SHRIMP measurements. The excess light REEs may be attributable to unresolved spectroscopic interference into mass numbers 139, 140 and 141 under a mass resolution of 9300. For example, 123 Eq.
(2) and the concentrations of Sn, Sb and Te in the NIST SRM612 standard. 7 There is no correlation between excess La relative to the ICP-MS value and the intensity of 123, and between excess Pr and the 125, respectively. On the other hand, there are significant correlations between excess La, Ce and Pr, and the intensity of 124 (Fig. 3) . This suggests the existence of spectroscopic interference other than the simple oxides of Sn, Sb and Te. Based on the empirical relationship given in Fig. 3 , it is possible to correct any excess for light REEs. Corrected data are listed in parenthesis in Table 4 . These data are consistent with those measured by ICP-MS (Table 1) within an error of 20%. Thus, the empirical correction works very well and may be applicable to glass matrix samples, even though the physical and chemical mechanisms are not well understood.
Abundance patterns of REEs in oceanic basalt glasses
The observed REE abundances of oceanic basalt glasses were normalized to C1 chondrite 9 , and are summarized in Fig. 4 . Mid-ocean ridge basalt glasses from Atlantic (CH31-DR11, CH98-DR11) and Indian Ocean (KH93-3-DR6, KH93-3-DR9) generally appear to be flat with a slight depletion of light REEs. This signature is consistent with those given in literature 10 , and is explained by the story that rising mantle peridotite undergoes adiabatic decompression, extensive partial melting and essentially passive eruption in response to crustal extension. 1 On the other hand, back-arc basin basalt glasses from Mariana Trough (KH84-1-24-2a, KH84-1-24-3) and that from Loihi Seamount, Hawaii (KH85-4-D17-51) indicate progressive depletion of heavy REEs. These data are again consistent with those in the literature 11 , and are explained by the model of re-enrichment of a previously depleted mantle host by undersaturated fluids in CO 2 and highly incompatible elements. 1 In conclusion, an analytical procedure for all REE abundances in oceanic basalt glass has been developed using the SHRIMP instrument. The detection limit of REEs is ∼6 ppb in a glass matrix, which is about 150times higher than that of previous work using SIMS. The sensitivity and resolving power of the instrument are 10 cps/ppm 171 Yb/1nA O 2and 9300 at 1% peak height with adequate flat-topped peaks, respectively. The overall accuracy is less than ±20% at one sigma, estimated by comparing the data with ICP-MS. The spatial resolution of 30 µm diameter and 3 µm depth is superior to that of LA-ICP-MS, and the method may be applicable to wide fields of earth and planetary sciences.
